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Actin-based surface projections on cells take many forms, such as the elaborate stereocilia of cochlear hair cells, the membrane ruffles and filopodia on moving fibroblasts, and cell-substratum adhesion sites. Among the simplest and best-studied of these structures are the brush border microvilli of polarized epithelial cells, especially those on intestinal epithelial cells (enterocytes), which are an excellent model system for studying actin-based surface projections generally. But although all the main cytoskeletal components of brush border microvilli have been identified for more than a decade, it is not yet known how the assembly of these structures is regulated.
Each brush border microvillus contains a tight bundle of actin filaments that extends from the microvillus tip into the apical cytoplasm, where the filaments are anchored by the actin-and spectrin-containing terminal web (Fig. 1) . The actin filament bundle is associated with the actin-bundling proteins villin and fimbrin, and with smaller amounts of other proteins, such as ezrin, and is linked to the plasma membrane by myosin-I. In vitro, a mixture of actin and myosin-I with the two main bundling proteins, villin and fimbrin, can assemble into a microvillus core, suggesting that all the principal players have been identified and that assembly is an intrinsic property of the proteins themselves [1] .
Brush border microvillus assembly is thought' to occur in two broad phases. The first is the nucleation of actin filaments and the extension of a rudimentary microvillus. In the second phase, the actin core becomes more organized and the microvilli elongate as the underlying terminal web forms. It is likely that the formation of other actinbased cell-surface projections follows the same general pathway. We shall discuss current thinking on microvillus formation, focussing on two recent papers on the role of villin and fimbrin in the two phases of assembly.
In the first phase of microvillus formation, actin filaments stream from electron-dense plaques on the apical plasma membrane (Fig. la) . These filaments are then gathered into loose bundles that extend into rudimentary microvilli (Fig. lb) . Studies of developing enterocytes indicate that villin is the first major actin-bundling protein to concentrate at the apical surface. Villin is thought to be an important player in microvillus assembly because it is found primarily in cells containing brush border microvilli, and because it interacts with actin in a calciumregulated fashion. At micromolar concentrations of calcium, villin nucleates actin-filament assembly and prevents the elongation of actin filaments from the plus end, the end that associates with membranes. In the absence of calcium, villin collects actin filaments into bundles.
The mere expression of villin and its localization to the apical cytoplasm is, however, not sufficient for brushborder formation. Developing enterocytes [2] and undifferentiated HT-29 colon carcinoma cells express low levels of villin [3] , but no brush borders are formed on these cells. Similarly, when relatively low levels of villin are introduced into fibroblasts (by microinjection or transfection), the villin associates with actin-containing stress fibers and zones rich in actin monomers that lie beneath the membrane [4, 5] , but does not induce microvillus formation. However, when villin levels are increased in polarized epithelial cells and fibroblasts, microvillus formation is induced [2, 5, 6] . In HT-29 cells, for example, villin levels naturally increase 10-fold in parallel with differentiation and microvillus assembly [3] . When villin was introduced into fibroblasts at higher concentrations, actin-containing stress fibers [5, 7] were disrupted and the cortical actin cytoskeleton was reorganized into villin-containing cortical structures, including microspikes and microvilli.
As reported in their recent paper [8] , De Beauregard et al. have explored the role of villin in the human colon carcinoma cell line CaCO2 by suppressing villin expression using antisense RNA. One stably transfected cell line expressing essentially no villin was found to have a greatly disrupted actin cytoskeleton. The apical surface contained only a few, short, 'limp' microvilli that lacked actin cores. The basal cytoplasm contained prominent, actin-containing stress fibers reminiscent of undifferentiated cells. Another stable CaCO2 clone, expressing an intermediate level of villin, contained fewer, shorter, straighter microvilli than the parental cells. This disruption of the apical actin cytoskeleton in the mutant cells could be reversed by the overexpression of villin messenger RNA, suggesting that the effects observed were specifically caused by the decreased amounts of villin. In another study from the same group [9] , the overexpression of human villin in the kidney epithelial cell line LLC-PK1 induced the formation of long microvilli. The transfection and microinjection studies taken together suggest that villin levels may contribute to microvillus length regulation.
Ezrin, a relatively minor component of microvilli, has also been suggested to be an initiator of microvillus assembly. Ezrin may link microvillus actin filaments to the membrane by binding to membrane components through its amino-terminal domain and to the actin cytoskeleton through its carboxy-terminal domain [10] . Early indications of a role for ezrin in the initiation of microvillus assembly came from the correlation of tyrosine phosphorylation of ezrin with the appearance of ezrin-containing microvilli in A-431 cells (human epidermoid carcinoma cells) stimulated with epidermal growth factor [11] . In enterocytes developing in intestinal crypts, ezrin concentrates at the apical surface and increases in abundance in a pattern similar to that of villin [12] . Compared with differentiated enterocytes, these developing enterocytes also contain high levels of cytoskeleton-associated tyrosine kinase activity [13] . Ezrin is thus appropriately positioned in the apical cytoplasm for regulation by a tyrosine kinase, so that it may be a key regulatory protein in the initiation of microvillus assembly. In contrast to villin, however, when ezrin levels in cultured cells were increased by overexpression [10] , or decreased by introduction of antisense complementary DNA [14] , the actin-containing cytoskeleton was not significantly affected. The apparent lack of phenotype may result from functional redundancy with other members of the ezrin family, or from the lack of a protein tyrosine kinase to regulate ezrin's function. These studies were, however, carried out in cells that do not normally form microvilli.
In the second phase of microvillus formation, intestinal microvilli elongate, become more ordered, rigid and uniform in length, and fill in a full core of hexagonally packed actin filaments (Fig. c) . This phase is temporally coordinated with the localization of fimbrin to the microvillus core. Fimbrin is an actin-bundling protein that can form actin filament bundles in vitro all oriented with same polarity, as they are in vivo. Fimbrin is a member of the plastin family of proteins and has been identified in a number of cells in regions containing polarized actin filaments, such as stereocilia, membrane ruffles, filopodia and adhesion sites. Good evidence for the importance of plastins in the organization of actin bundles comes from studies in yeast showing that the yeast homolog of fimbrin is required for actin filament organization and morphogenesis [15] .
To determine whether plastins are microvillus actinbundling proteins in vivo, and whether there are functional differences between the human L-and T-plastin isoforms (80 % identity), Arpin et al. [9] overexpressed both plastins in LLC-PK1 cells. L-plastin, which is normally expressed in hematopoietic cells, bound to actin filaments in the LLC-PK1 cells, including those in microvilli, but did not alter the actin cytoskeleton. T-plastin, which is found in many different organs, bound to and increased the length, width and density of microvilli, especially near the cell-cell junctions. It is not known how the plastin causes this increase in microvillus length, although in vitro the length of actin bundles formed when actin polymerizes in the presence of fimbrin depends on the fimbrin concentration (higher fimbrin concentrations forming longer actin filament bundles) [16] . In contrast to T-plastin, villin expressed in transfected LLC-PK1 cells induced longer microvilli that were formed over the entire cell surface. T-plastin is, however, not normally expressed in human kidney and intestinal epithelia [17] ; the plastin present in these cell types is I-plastin, the human homolog of chicken fimbrin. It will be of interest to determine whether dysregulated I-plastin expression has more dramatic effects on the actin cytoskeleton in the LLC-PK1 cell line.
One of the remarkable features of the brush border microvillus is the species-specific conservation of both number and length of the core actin filaments. The properties of the known brush border microvillus proteins cannot explain this tight regulation. In the hatching chick, there is an increase in both the number and length of the core actin filaments. Corresponding changes in the ratio of monomeric to polymeric actin at this time suggest that an increase in monomeric actin helps drive the elongation phase of microvillus growth [18] . Although experimental manipulations that change villin and plastin levels can alter microvillus length, it is not known whether that length is normally regulated by the steady-state levels of microvillus components. Furthermore, it is not known how these manipulations affect the steady-state levels of their endogenous counterparts, other microvillus proteins (including actin) or regulatory proteins. However, starvation or inhibition of protein synthesis is known to cause a dramatic shortening of brush border microvilli [19] . As all cytoskeletal components rapidly turn over in vivo [20] , all this evidence suggests that microvillus length is regulated by steady-state levels of cytoskeletal proteins. In addition, the rapid turnover of the apical plasma membrane for the -1200 microvilli per cell, coupled with the presence of myosin-I on Golgi-derived membranes [21] , is consistent with the hypothesis that myosin-I and plasma membrane are actively delivered to microvilli.
The use of genetic manipulation has supported and extended our understanding of the role of villin and fimbrin in microvillus structure and assembly that was initially provided by biochemical and morphological studies. But we are just scratching the surface of a better understanding of how the cell cortex is shaped.
